Abstract Cardiac fibroblasts become activated and differentiate to smooth muscle-like myofibroblasts in response to hypertension and myocardial infarction (MI), resulting in extracellular matrix (ECM) remodeling, scar formation and impaired cardiac function. cAMP and cGMP-dependent signaling have been implicated in cardiac fibroblast activation and ECM synthesis. Dysregulation of cyclic nucleotide phosphodiesterase (PDE) activity/expression is also associated with various diseases and several PDE inhibitors are currently available or in development for treating these pathological conditions. The objective of this study is to define and characterize the specific PDE isoform that is altered during cardiac fibroblast activation and functionally important for regulating myofibroblast activation and ECM synthesis. We have found that Ca 2? /calmodulin-stimulated PDE1A isoform is specifically induced in activated cardiac myofibroblasts stimulated by Ang II and TGF-b in vitro as well as in vivo within fibrotic regions of mouse, rat, and human diseased hearts. Inhibition of PDE1A function via PDE1-selective inhibitor or PDE1A shRNA significantly reduced Ang II or TGF-b-induced myofibroblast activation, ECM synthesis, and pro-fibrotic gene expression in rat cardiac fibroblasts. Moreover, the PDE1 inhibitor attenuated isoproterenol-induced interstitial fibrosis in mice. Mechanistic studies revealed that PDE1A modulates unique pools of cAMP and cGMP, predominantly in perinuclear and nuclear regions of cardiac fibroblasts. Further, both cAMPEpac-Rap1 and cGMP-PKG signaling was involved in PDE1A-mediated regulation of collagen synthesis. These results suggest that induction of PDE1A plays a critical role in cardiac fibroblast activation and cardiac fibrosis, and targeting PDE1A may lead to regression of the adverse cardiac remodeling associated with various cardiac diseases.
Introduction
Cardiac fibroblasts are essential for the orderly synthesis and degradation of ECM proteins and paracrine signaling with myocytes [9] . Myocardial infarction (MI) or hypertension triggers the differentiation of cardiac fibroblasts to smooth muscle-like myofibroblasts, which have enhanced ECM synthesis, migration, and contractile properties [49] . Following an inflammatory response in hypertrophic or infarcted hearts, activated myofibroblasts orchestrate structural remodeling leading to fibrotic scar formation [4, 49, 63] . The phenotypic transformation to myofibroblasts is distinguished by the expression of a-smooth muscle actin (a-SMA), which contributes to stress fiber organization required for scar contraction and wound healing [61] . The excessive deposition of ECM by myofibroblasts promotes myocardial stiffness, impairs cardiac function, and contributes to the progression of heart failure [7] .
Cyclic nucleotides, cAMP and cGMP are ubiquitous second messengers that mediate a number of physiological processes in the heart, from acute effects on contractility to chronic effects on growth and metabolism [5, 34] . A few reports demonstrated anti-fibrotic actions of both cAMP [45, 57, 69] and cGMP [35, 37, 60] dependent signaling in the heart. For instance, cGMP-dependent protein kinase (PKG) was shown to mediate the effects of ANP on reduced TGF-b-Smad signaling and myofibroblast transformation in mouse cardiac fibroblasts [35] . Similarly, activation of the Rap1 guanine exchange factor activated by cAMP (Epac) was shown to modulate collagen synthesis in rat cardiac fibroblasts [64, 69] . Cyclic nucleotides exist in multiple discrete compartments to mediate different cellular functions, which are spatiotemporally regulated by unique cyclases, anchoring proteins, and cyclic nucleotide phosphodiesterase (PDE) isoforms [70] . To date, at least 60 different PDE isozymes derived from 22 genes are identified and grouped into 11 broad families (PDE1-PDE11). Given that PDEs are tightly coupled to specific cyclic nucleotide signaling components, selective activation or inhibition of distinct PDE isozymes may represent a critical mechanism to modulate cardiac pathophysiology. Therefore, it is of great interest and therapeutic importance to define the PDE isoforms that specifically regulate cardiac fibroblast activation.
Our primary screening results have revealed that among 21 known PDE genes, PDE1A is one of a few PDE isoforms that are highly induced in activated cardiac fibroblasts. PDE1A belongs to the Ca 2? /calmodulin-stimulated PDE (PDE1) family that consists of three genes, PDE1A, PDE1B and PDE1C. In vitro, the activity of PDE1 family members can be stimulated up to tenfold by Ca 2? /calmodulin [56] , thus PDE1 isozymes may integrate Ca 2? and cyclic nucleotide signaling in various cell types [68] . PDE1 family members are considered as dual substrate enzymes. In vitro, PDE1A and PDE1B isozymes hydrolyze cGMP with much higher affinity than cAMP [55] ; and PDE1C isozymes hydrolyze both cAMP and cGMP with equally high affinity. Herein, we illustrate the regulation of PDE1A expression during cardiac fibroblast activation in vitro and in vivo. We further report a critical role of PDE1A in regulating myofibroblast formation and ECM synthesis in intact hearts and in vitro, through modulating PKG and Epac1-Rap1 signaling. These observations are supported by unique PDE1-regulated cGMP and cAMP signaling in intact cardiac fibroblasts. Collectively, these results may provide mechanistic insight in targeting PDE1 to circumvent adverse cardiac remodeling.
Materials and methods
A detailed description of materials and methods is available in the Online Supplement.
Adenovirus production
Adenovirus vectors encoding PDE1A and LacZ shRNA were constructed using BLOCK-iT Adenoviral shRNA Expression System (Invitrogen) according to the manufacturer's instructions as described previously [11] .
Animal models
All animal procedures were performed in accordance with the National Institutes of Health (NIH) and University of Rochester institutional guidelines. Isoproterenol was delivered at 30 mg/kg/day for 1 week via subcutaneous osmotic minipumps and IC86340 (3 mg/kg/day) was administered daily via intraperitoneal injection in 10-12 week old C57Bl/ 6 mice as previously described [38] . Myocardial infarction was induced via ligating the left anterior descending coronary artery (LAD) in 8-12 week old C57Bl/6 mice for 2-3 weeks as previously described [44, 54] . Ang II was delivered at 0.7 mg/kg/day for 2 weeks via subcutaneous osmotic minipump in 200-250 g Sprague-Dawley rats as previously described.
Primary rat cardiac fibroblasts
Primary rat cardiac fibroblasts were isolated from 3 to 4 day old Sprague-Dawley rats and used at passage 1 for all experiments. Cardiac fibroblasts were cultured in Dulbecco's modified eagle medium containing 1 g/L glucose, 10% fetal bovine serum for 24 h before switching to serum-free medium.
Human myocardial infarction tissue
Human heart explants were obtained with prior Institutional Review Board approval and written informed consent from MI donors, and cardiac dysfunction was assessed via echocardiography as previously described [16] . Information regarding the age, gender and list of prescribed medications was not disclosed.
Histological and immunohistochemistry analysis
Excised mouse or rat hearts or human heart explants were washed, fixed in 10% buffered formalin, and paraffin embedded as previously described [39] . Hearts were transversely sectioned (5 lm), deparaffinized and stained for histopathology markers or antigens of interest as previously described [38] .
Reverse transcription-polymerase chain reaction (RT-PCR) RNA was isolated from cardiac fibroblasts using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. Semi-quantitative or quantitative RT-PCR was performed with an iCycler thermocycler (Bio-Rad) by synthesizing cDNA with the Reverse Transcription PCR kit (Promega) followed by standard PCR using GoTaq (Promega) or real-time PCR using SYBR green (Applied Biosystems) according to the manufacturer's instructions as previously described [38] . Primer sequences are available in the Online Supplement.
Ca
2? /CaM-dependent PDE assay PDE assays were performed using the established radiolabeled nucleotide method [6] . PDE1 activity was measured using 1 lmol/L cGMP substrate in the presence of 4 lg/mL calmodulin and 0.8 mmol/L CaCl 2 (Ca 2? /CaMdependent PDE assay), as previously described [27] .
Western blotting
Cell lysates were prepared by adding ice cold modified RIPA buffer containing the following: 50 mmol/L TrisHCl pH 7.4, 1% NP-40, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L PMSF, 1 mmol/L sodium orthovanadate, 1 mmol/L NaF, and 1 l/mL each of aprotinin, leupeptin, and pepstatin as proteins were separated by SDS-PAGE as previously described [38] .
Small interfering RNA transfection
Cardiac fibroblasts were transiently transfected with Epac1, Rap1, or non-targeting control siRNA duplexes using Oligofectamine reagent (Invitrogen) in Dulbecco's modified eagle medium containing reduced serum according to the manufacturer's instructions. A detailed description containing Epac1, Rap1 and control siRNA sequences is available in the Online Supplement.
Luciferase assays
Cardiac fibroblasts were transfected with indicated luciferase reporters: a-SMA-luc and Smad binding element (SBE-luc), along with indicated plasmid constructs and b-galactosidase as an internal control using Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer's instructions and as previously described [26] . Precipitates were washed twice with cold 95% ethanol, solubilized in 0.5 N NaOH for 30 min, and neutralized with 1 N HCl. Radioactivity was quantified using a liquid scintillation counter. Samples were normalized to the total precipitable protein per well using a Bradford assay.
Immunocytochemistry
Immunostaining was performed as previously described [39] . Briefly, cardiac fibroblasts were fixed in 4% paraformaldehyde and permeabilized in PBS/0.2% Triton-X-100. Cells were incubated in DAKO serum-free protein block followed by incubation with anti-phosphorylatedSmad2/3 (Santa Cruz) primary antibody.
Real-time cAMP and cGMP measurements
Cardiac fibroblasts were transiently transfected with a nuclear targeted Epac1-H30 FRET cAMP sensor (CFPEpac1-H30-YFP-NLS) [59] using Lipofectamine 2000 and transduced with adenovirus expressing the cytosolic Epac1-camps (Ad-CFP-Epac1-camps-YFP) [48] . After 24-48 h, the culture media were replaced with HEPES buffered Ringer external solution containing 120 mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L CaCl 2 , 1 mmol/L MgCl 2 , 1 mmol/L KH 2 PO 4 , 10 mmol/L HEPES-NaOH, pH 7.4 and 2 mmol/L D-glucose. CFP was excited at 440 nm and dual emission three channel corrected FRET timelapse images at 485 and 535 nm were visualized on a climate controlled (37°C, 5% CO 2 , and 40% humidity) inverted epifluorescent microscope (Olympus IX81) at 50-100 ms exposure at 5 s intervals. Data were represented as the baseline normalized 485/585 FRET ratios (DR/R 0 ). For cGMP measurements, cardiac fibroblasts were transduced with adenovirus expressing the cGMP sensor d-FlincG (Ad-d-FlincG) for 48-72 h [41] . The sensor was excited at 485 nm and emission at 510 nm was captured using epifluorescence timelapse imaging at 50-100 ms exposure and 2-5 s intervals. Data were represented as the baseline (F 0 ) normalized changes in the background-subtracted fluorescence intensity (DF/F 0 ).
Rap1 activity assay
Cells were treated as indicated and lysed in buffer containing 50 mM Tris-HCl, pH 7.4, 500 mM NaCl, 1% NP40, 2.5 mM MgCl 2 , and 10% glycerol containing 10 lg/mL aprotinin and 10 lg/mL leupeptin. Lysates were incubated with 20-30 lg GST-RalGDS-RBD beads for 1 h followed by four washes in lysis buffer. Samples were loaded on a 15% SDS-PAGE gel, transferred to PVDF membranes and probed with anti-Rap1 (BD Transduction) antibodies to determine GTP-Rap1. Total cell lysates were used to determine total Rap1.
Statistical analysis
Experiments were performed and quantified in a randomized and unbiased manner using at least three independent preparations with treatments done in triplicate when possible. Data are presented as mean ± SD. GraphPad Prism 5.0 was used for statistical analysis. One-way analysis of variance (ANOVA) followed by Tukey's post hoc test was used to determine the statistical significance, as appropriate. Comparisons between two groups were performed using unpaired Student's t-test. P \ 0.05 was considered statistically significant.
Results

PDE1A is upregulated during cardiac fibroblast activation in vitro
Transformation of quiescent cardiac fibroblasts to active myofibroblasts, distinguished by expression of a-SMA and ECM production, is mediated by fibrotic stimuli such Ang II and TGF-b [23, 61] . Given that cAMP and cGMP are implicated as negative mediators of myofibroblast transformation, we defined the PDE isoforms that are specifically upregulated during this phenotypic transformation. Using quantitative real-time RT-PCR, we assessed the expression levels of 21 known PDE genes in relatively quiescent cardiac fibroblasts (serum-free conditions) and active cardiac myofibroblasts (Ang II stimulation for 24 h) (Fig. S1 ). We found that among a few PDEs that were significantly regulated during cardiac fibroblast transformation, PDE1A, but not PDE1B and 1C, was a major PDE (and PDE1 specific) isoform highly induced by Ang II in cardiac fibroblasts ( Fig. S1 and Fig. 1a ). Induction of a-SMA expression represented the activated myofibroblast phenotype (Fig. 1a) Consistently, PDE1 contributed to around 20 and 70% of the total cGMP-hydrolyzing PDE activity under control and Ang II stimulated conditions, respectively, suggesting that PDE1 represents the major PDE in Ang II-activated fibroblasts (Fig. 1b) . Our findings also coincide with previous reports that PDE1 represents a predominant PDE activity in adult rat cardiac fibroblasts [8, 19, 25] . RT-PCR analysis further demonstrated Ang II time-dependently increased PDE1A mRNA expression up to 48 h (Fig. 1c) . Consistent with mRNA changes, PDE1A protein levels and PDE1 activity were also upregulated by Ang II (Fig. 1d, e) . Similarly, PDE1A mRNA levels were also time-dependently increased by TGF-b stimulation (Fig. S2a) .
PDE1A is upregulated in activated cardiac fibroblasts in fibrotic rodent and human hearts Next, we specifically examined PDE1A expression in fibrotic scar regions enriched with activated cardiac fibroblasts from diseased rodent and human hearts (Fig. 2) . We first evaluated mouse models of pathological cardiac remodeling including chronic isoproterenol (ISO) infusion for 1 week and post-MI remodeling induced by left anterior descending coronary artery (LAD) ligation for 2 weeks [15, 54] . Adjacent sections were immunostained for PDE1A and a-SMA, and collagen accumulation was detected by picro-sirius red. We found that PDE1A protein was weakly detected in quiescent cardiac fibroblasts (a-SMA negative) in normal control hearts (Fig. 2a , lower panels). In addition to previous findings in cardiomyocytes [38] , PDE1A staining intensity was highly increased in a-SMA positive myofibroblasts in fibrotic regions of the endomyocardium in mouse hearts subjected to ISO infusion (Fig. 2a , upper panels). Similar observations were revealed at the border zone of the infarct in MI hearts (Fig. S2b) . We also found that PDE1A protein expression is elevated in a-SMA positive myofibroblasts in remodeled rat hearts subjected to Ang II infusion for 2 weeks compared to vehicle controls (Fig. 2b) . Cardiac myofibroblasts may persist in human infarct scars for many years to exacerbate fibrosis after completing tissue repair [66] . Thus, we examined the fibrotic scar regions from human diseased hearts after MI. We found that PDE1A was also highly induced in human cardiac myofibroblasts compared to quiescent cardiac fibroblasts in control hearts (Fig. 2c ). PDE1A appears to be expressed in both cytosolic and nuclear compartments of myofibroblasts in the various models examined (Fig. 2 , right panels, insets). Together these data indicate that PDE1A induction in activated cardiac fibroblasts may be a conserved regulatory mechanism in various paradigms of pathological cardiac remodeling.
Role of PDE1A in cardiac fibroblast activation and extracellular matrix synthesis
To determine the specific contribution of PDE1A in regulating myofibroblast function, we measured the effects of PDE1 inhibitors IC86340 and PDE1A knockdown.
Based on the published selectivity of the PDE1 inhibitor IC86340 [39] , it inhibits PDE1 with IC 50 values 0.06-0.44 lM. However, the IC 50 values for other PDE family members are greater than 100 lM, except for PDE11 (11.30 lM for PDE11). Given that PDE11 is very limited in these cells (Fig. S1 ), IC86340 should primarily target the PDE1 family at the concentrations used in this study. We found that IC86340 significantly reduced Ang II-stimulated cardiac fibroblast activation measured by a-SMA promoter-driven luciferase activity (Fig. 3a) . In order to delineate PDE1A specific effects, we utilized an adenovirus expressing a short hairpin RNA (shRNA) against rat PDE1A to downregulate PDE1A expression. As shown in Fig. 3b , PDE1A shRNA attenuated Ang II-stimulated a-SMA-luciferase activity in cardiac fibroblasts. In addition, both the PDE1 inhibitor and Ad-PDE1A shRNA also suppressed Ang II induced collagen synthesis, assessed by [ 3 H]-proline incorporation ( Fig. 3c and d ). Similar to Ang II, TGF-b stimulated a-SMA promoter activity was also attenuated by IC86340 and PDE1A downregulation ( Fig. S3a and S3b ).
We further demonstrated that the PDE1 inhibitor IC86340 or Ad-PDE1A-shRNA significantly blocked the induction of other ECM and pro-fibrotic markers, including collagen I, fibronectin (Fn) and plasminogen activator inhibitor (PAI-I) (Fig. 3e, f) . This is in line with previous findings that cGMP [47] and cAMP [57] signaling negatively regulate expression of these genes. Levels of a-SMA mRNA were also markedly reduced, consistent with changes in a-SMA-luciferase activity. Together these results support a critical role for PDE1A in modulating stress induced myofibroblast formation, ECM synthesis and pro-fibrotic gene expression. As expected, PDE1C shRNA did not block Ang II-induced collagen synthesis and other ECM/pro-fibrotic marker expression levels (Fig. S3c) . The specificity of the PDE1A and PDE1C shRNA on PDE1A and PDE1C expression was demonstrated in Fig. S3e -g, consistent with previous findings in rat cardiomyocytes [38] and vascular smooth muscle cells (VSMCs) [11] . These results suggest that the effects of IC86340 on ECM synthesis in cardiac fibroblasts are primarily mediated by PDE1A.
PDE1 inhibition attenuates ISO-induced cardiac fibrosis and myofibroblast formation in vivo
To investigate the role of PDE1 in cardiac fibrotic remodeling in vivo, we examined the effects of the PDE1 inhibitor IC86340 in response to chronic isoproterenol infusion in mice. Total collagen deposition was evaluated by different histological methods, including Masson's trichrome (Fig. 4a ) and picro-sirius red (Fig. 4b) . We found that ISO infusion increased interstitial collagen deposition (middle panels) in the endomyocardium compared with vehicle control (left panels), which was significantly attenuated in IC86340 treated mice (right panels). We also assessed the a Mouse Fig. 2 PDE1A protein levels are increased in activated cardiac myofibroblasts in fibrotic regions of mouse, rat, and human diseased hearts. a Mouse hearts subjected to 1-week ISO infusion (30 mg/kg/ day) or vehicle control and stained for collagen deposition and immunostained for a-SMA and PDE1A (n = 6-8 per group). b Rat hearts subjected to 2 weeks Ang II infusion (0.7 mg/kg/day) or vehicle control and stained for collagen deposition and immunostained for a-SMA and PDE1A (n = 3 per group). c Post-MI remodeled human hearts or normal control hearts stained for collagen deposition, and immunostained for a-SMA and PDE1A. (n = 4 per group). Left panels Representative high magnification images of picro-sirius red staining depicting increased interstitial collagen deposition in mouse, rat, and human hearts. Middle panels Adjacent sections immunostained for a-SMA confirm the induction of cardiac myofibroblasts. Right panels PDE1A immunostaining depicts increased PDE1A expression in interstitial myofibroblasts in remodeled hearts. Insets, higher magnification of boxed areas. PDE1A expression is differentially localized in nuclear and cytosolic compartments in cardiac fibroblasts within the left ventricle. Scale bar = 20 lm b degree of cardiac fibroblast activation and differentiation to myofibroblasts by a-SMA immunostaining. As predicted, ISO infusion triggered an increase in interstitial a-SMA staining in the myocardium, however this response was abrogated in animals treated with IC86340 (Fig. 4c) . Quantitated measurements of picro-sirius red and a-SMA staining demonstrated a significant reduction of total collagen deposition (interstitial and perivascular collagen) (Fig. 4d) and a-SMA positive area in the myocardium (Fig. 4e) . We have previously reported that IC86340 attenuated cardiac hypertrophy and myocyte enlargement induced by chronic ISO infusion [38] . Thus, the anti-hypertrophic effect of IC86340 is likely attributed to both reducing fibrosis and myocyte hypertrophic growth. cardiac fibroblasts [35] and PDE1A has been previously shown to regulate intracellular cGMP levels [38] . Therefore, we first evaluated the contribution of PKG on PDE1 regulation of collagen synthesis in cardiac fibroblasts. We found that the effects of IC86340 or PDE1A knock down on suppressing collagen synthesis were partially blocked in the presence of the selective PKG inhibitor, DT-2 [18] and Rp-8-Br-PET-cGMPS [10] (Fig. 5a ), as well as partially blocked by PKG I downregulation via PKG I shRNA ( Fig. 5b and S3a). To determine the efficacy of PKG I inhibition by PKG inhibitors or shRNA, we measured PKG-dependent VASP Ser239 phosphorylation in cardiac fibroblasts ( Fig. 5c and  5d ). We found that PKG inhibitors and PKG shRNA caused *50% reduction of PKG-dependent VASP phosphorylation via a cGMP analog, comparable to the extent of blocking PDE1 inhibitor-mediated suppression of collagen synthesis. These observations indicate that the partial effects of PKG inhibition on collagen synthesis are very likely due to the partial inhibition of PKG I function by PKG inhibitors and PKG shRNA, and suggest a critical role of PKG in PDE1 regulated collagen synthesis in cardiac fibroblasts.
A previous study has shown that the activation of PKG I upon ANP stimulation inhibits myofibroblast transformation via inhibiting Smad2 and Smad3 nuclear translocation [35] . Therefore, we examined the effects of PDE1 inhibition on Smad activation. As expected, TGF-b stimulated Smad-dependent reporter luciferase activity, however this was unaltered by PDE1 inhibition (Fig. S4b) . In addition, we found that TGF-b stimulated phosphorylated Smad2/3 nuclear translocation as expected, however, PDE1 inhibition did not change nuclear pSmad2/3 accumulation ( Fig. S4c and S4d) . These results suggest that in contrast to ANP-cGMP-PKG signaling, PDE1A-cGMP-PKG does not regulate Smad-dependent transcriptional activity.
Role of cAMP-PKA and cAMP-Epac-Rap1 in PDE1 inhibition-mediated reduction of ECM synthesis
Given the inhibitory role of cAMP signaling on collagen synthesis [69] and the dual substrate specificity of PDE1A, we also evaluated the potential involvement of cAMP signaling in PDE1 inhibition-mediated regulation of collagen synthesis. To determine the direct involvement of PKA in PDE1A-mediated regulation of collagen synthesis, we used an adenovirus expressing the selective inhibitor of PKA (Ad-PKI). We found that treatment with Ad-PKI had no measureable effect on IC86340 mediated reduction of collagen synthesis (Fig. S5a) . However, PKA-dependent VASP Ser157 phosphorylation was significantly blocked by PKI, which confirmed the function of PKI (Fig. S5b) . We next assessed the involvement of Epac-Rap1 signaling during PDE1 inhibition on collagen synthesis. Interestingly, knockdown of both Epac1 and Rap1 with siRNA ( Fig. S5c) completely abolished the effects of the PDE1 inhibitor IC86340 on collagen synthesis (Fig. 6a) . Similar results were observed in the presence of PDE1A shRNA (Fig. 6b) , strongly suggesting Epac1-Rap1 mediates the effects of PDE1A on collagen synthesis. To determine whether PDE1 inhibition modulates Epac1-Rap1 signaling, we measured the effects of IC86340 on Rap1 activation using GST-RalGDS-RBD to pull-down activated Rap1. As shown in Fig. 6c , Ang II stimulation markedly reduced Rap1-GTP, consistent with prior reports that Ang II and TGF-b inhibit Rap1 activity [69] . Interestingly, IC86340 blocked the inhibitory effects of Ang II on Rap1-GTP (Fig. 6c ). These observations suggest that cAMPdependent Epac1-Rap1 activation is also involved in PDE1A modulated pro-fibrotic cardiac fibroblast function likely via cAMP-dependent Epac1-Rap1 activation.
Since cGMP may also increase intracellular cAMP through cGMP-inhibited PDE3 [1] , we evaluated the involvement of PDE3 using PDE3 inhibitors milrinone or cilostamide. We found that both PDE3 inhibitors only caused a minor reduction of collagen synthesis in cardiac fibroblasts (Fig. S5d) , suggesting that the effect of PDE1 inhibition is unlikely through indirect cGMP-mediated inhibition of PDE3 to elevate cAMP.
PDE1-regulated cGMP responses in activated cardiac fibroblasts
To determine the role of PDE1 in controlling cGMP changes in activated cardiac fibroblasts, we used a GFP-based cGMP sensor, d-FlincG that was previously shown to detect rapid and physiologically relevant concentrations of NO and ANP evoked cGMP dynamics in vascular smooth muscle cells (VSMC) [41] or cell lines exogenously expressing pGC or cGMP-PDE [3] . Transduction of cardiac fibroblasts with an adenovirus encoding d-FlincG generated a uniform GFP distribution throughout the nucleus and cytoplasm (Fig. 7a) . Cardiac fibroblasts were activated in medium containing 5% serum for 48 h, which induced both a-SMA and PDE1A expression, while maintaining expression of the cGMP sensor (data not shown). Treatment with the PDE1 inhibitor IC86340 caused a rapid but transient elevation of cGMP in activated cardiac fibroblasts (Fig. 7a) , with larger increases in nuclear and perinuclear regions (approximately 1.5-fold at the peak) compared to the peripheral region (around 1.35-fold at the peak) (Fig. 7b, c) .
To compare the cGMP response elicited by PDE1 inhibition to other cGMP elevators, we monitored cGMP changes treated with NO donors or ANP in activated cardiac fibroblasts where the dynamic cGMP responses have not been characterized. We found that the NO donor DEA-NO (Fig. 7d) elicited a transient and global cGMP response (with equivalent cGMP elevation in all three regions), similar to previous observations in VSMCs [41] . However, ANP resulted in a sustained but global cGMP response (Fig. 7e) , distinct from the sustained membrane-restricted cGMP elevation seen in VSMC [41] . It has been shown that this membrane-restricted ANP induced cGMP response in VSMCs is largely controlled by PDE5 in VSMCs, since PDE5 inhibitor sildenafil resulted in global cGMP elevation [41] . Therefore, the global cGMP increases observed in ANP treated cardiac fibroblasts may be attributed to low PDE5A ]-proline incorporation in cardiac fibroblasts transfected with siRNA against nontargeting control, Rap1, or Epac1 followed by treatment with vehicle or the PDE1 inhibitor IC86340 (30 lmol/L) and Ang II (100 nmol/L) stimulation for 48 h, and normalized to total protein levels. b Collagen synthesis in cardiac fibroblasts transduced with Ad-Lacz shRNA or PDE1A shRNA for 48 h followed by Ang II stimulation, and normalized to total protein levels. Values represent mean ± SD of triplicates from n = 3 independent experiments. *P \ 0.05 versus Ang II or LacZ shRNA ? Ang II. c Rap1 activity determined using GST-RalGDS-RBD to pulldown Rap1-GTP in cardiac fibroblasts stimulated with Ang II (100 nmol/L) for 24 h prior to treatment with PDE1 inhibitor IC86340 (30 lmol/L) for the indicated times. Rap1-GTP levels shown below each blot were quantitated by densitometry in a linear range and normalized to total Rap1 levels. Values (normalized to serum-free control) are averaged from two independent experiments expression in these cells (Fig. S1) , or due to activation of intracellular ANP receptor guanylyl cyclase-A (GC-A) [46] .
To elucidate the underlying mechanism(s) responsible for the transient cGMP elevation upon PDE1 inhibition, we first tested the possible involvement of other PDEs. We found that IBMX treatment further increases but does not fully sustain the IC86340-mediated cGMP response (Fig. 7f) . Eflux transporters may also rapidly deplete intracellular cGMP levels [2] . Indeed, we found that in the presence of an inhibitor of efflux transporters such as multidrug resistanceassociated proteins (MRPs), MK-571, the IC86340-elicited cGMP response was sustained (Fig. 7g) , suggesting that this transient nature of cGMP elevation may be controlled by cGMP efflux. Of course the precise role and mechanism of MRP in regulating PDE1-controlled cGMP deserves further investigation.
PDE1-regulated cAMP responses in activated cardiac fibroblasts
To determine the role of PDE1 in modulating cAMP changes in activated cardiac fibroblasts, we used the established single chain Epac1-camps FRET sensor [42] . In order to simultaneously assess both nuclear and cytosolic cAMP changes, we co-transfected the Epac1-camps sensor (cytosolic restricted) and a nuclear-targeted Epac1-camps based sensor (H30-NLS) [59] . Co-expression of these molecules generated an even distribution of YFP and CFP expression in the nucleus and cytosol of activated cardiac fibroblasts (Fig. 8a) . We first verified the functionality of the sensors using the Epac1 agonist (007-AM), which elicited a rapid and uniform increase in background-subtracted CFP/YFP FRET fluorescence ratio (485/535 nm) over time (Fig. 8b) , consistent with previous reports [65] . Interestingly, treatment with IC86340 caused a gradual and predominant increase in CFP/YFP FRET (increased [cAMP] i ) in the nuclear and perinuclear regions (1.26 ± 6 and 1.35 ± 3 fold, respectively) compared to that in the peripheral region (1.15 ± 6) (Fig. 8c) . In contrast, the cAMP elevating stimuli adenylyl cyclase activators forskolin (Fsk) and ISO elicited greater cAMP elevation at the peripheral region than the nuclear and perinuclear regions (Fig. 8d, e) . This is in line with observations that the stimulation of b-adrenergic receptor (b-AR) or membrane adenylyl cyclase generates cAMP proximate to the cell membrane [17, 50] . The predominant elevation of cAMP by PDE1 inhibition in the nuclear and perinuclear regions is unlikely due to different saturable properties of the sensors since the cAMP analog 007-AM shows equivalent responses in all three regions, whereas ISO elicits a predominant cAMP response in the peripheral region, as expected. Together these findings suggest that PDE1 regulates distinct pools of cAMP and cGMP in activated cardiac fibroblasts, which may selectively target cyclic nucleotide effectors during ECM remodeling.
Discussion
The notable findings of this study include that (1) PDE1A is one of the major PDE isoforms that are highly induced in activated cardiac myofibroblasts compared to normal quiescent cardiac fibroblasts in vitro and in vivo within fibrotic regions of mouse, rat, and human diseased hearts. To our knowledge, this is the first PDE isoform reported to be specifically induced in cardiac fibroblasts of diseased hearts. (2) PDE1A plays a critical role in cardiac fibroblast activation, ECM synthesis and the expression of various pro-fibrotic marker genes. This suggests that PDE1A induction in activated cardiac fibroblasts is causative to the pathological fibrotic remodeling. (3) PDE1A modulates both cAMP-Epac-Rap1 and cGMP-PKG signaling in cardiac fibroblasts, which mediates the effects of PDE1A in cardiac fibroblasts. Based on our observations, PDE1A appears to hydrolyze both cAMP and cGMP in intact cardiac fibroblasts. This is the first evidence that PDE1A functions as a dual-esterase in vivo although PDE1A is capable of hydrolyzing both cAMP and cGMP in a cellfree system [52] . Collectively, the findings from this study and our previous report that PDE1A mediates cardiomyocyte hypertrophy [38] , suggest that PDE1A is highly induced in both cardiomyocytes and activated fibroblasts to modulate pathological cardiac remodeling. Selective inhibition of PDE1A may represent a novel approach to mitigate pathological remodeling underlying the progression of cardiac disease.
Regulation of ECM such as collagen is a dynamic process involving equilibrium between biosynthesis and degradation. Studies have shown that chronic Ang II or TGF-b stimulation shifts the balance toward excess collagen synthesis and accumulation [13, 32] . Excess interstitial collagen contributes to myocardial stiffness leading to impaired diastolic function [7] . The degradation of structural collagen may also lead to systolic or diastolic dysfunction [28] . We recently demonstrated PDE1C but not PDE1A regulates lysosomal-dependent degradation of the basal type I collagen in VSMCs [11] . Herein we show that PDE1A regulates agonist stimulated collagen synthesis through changes in gene expression, suggesting two distinct mechanisms of collagen homeostasis regulated by different PDE1 isozymes. This is supported by the lower expression of PDE1C observed in stimulated rat cardiac fibroblasts (Fig. 1b) , which is in line with lower PDE1C in activated mouse cardiac fibroblasts relative to cardiac myocytes [36] . We have previously reported that PDE1A expression is upregulated by TGF-b in vascular adventitial fibroblasts, and PDE1A-PKC signaling mediates TGF-b-stimulated myofibroblast activation (a-SMA expression) in vascular adventitial fibroblasts [72] . Therefore, our current findings of the underlying mechanisms of PDE1A in regulating cardiac fibroblast activation and ECM production may represent common pathways of fibroblast activation in other tissues. Other PDE isoforms such as PDE5A have been identified in mouse cardiac myofibroblasts [36] , however, PDE5A expression was relatively low in rat cardiac myofibroblasts (unpublished observations). The potential contribution of myofibroblast PDE5A in regulating cardiac remodeling deserves further investigation.
Studies have shown that cGMP elevating agents, such as nitric oxide donors or ANP, inhibit cardiac fibroblast functions including ECM synthesis and proliferation [12, 29] . These effects often correlate with cGMP-mediated reduction of cardiomyocyte hypertrophy [30, 38, 62] . In fibroblasts, PKG Ia activation by ANP was shown to phosphorylate Smad3 and prevent its nuclear translocation, which is believed to inhibit TGF-b induced myofibroblast transformation [35] . Herein we show that PKG is also responsible for the effects of PDE1 inhibition on collagen synthesis in cardiac fibroblasts (Fig. 5) , however PDE1 inhibition does not alter TGF-b-stimulated Smad transcriptional activity or Smad2/3 nuclear translocation (Fig. S4) . These data indicate that PDE1 regulates ECM synthesis via a different mechanism from ANP-cGMP signaling. Indeed we observed that the dynamic cGMP responses elicited by PDE1 inhibition and ANP are different in activated cardiac fibroblasts (Fig. 7) , suggesting that PDE1 and ANP regulate distinct pools of cGMP. Selective activation of Epac1 by an Epacselective cAMP analog was shown to elicit anti-fibrotic functions such as inhibiting collagen synthesis in adult rat cardiac fibroblasts [69] . However, the specific PDE isoform that selectively targets this pool of cAMP has not been described. Our findings suggest that PDE1A represents the primary PDE isoform modulating collagen synthesis through cAMP-Epac1-Rap1 signaling in cardiac fibroblasts (Fig. 6) . Taken together, these findings reveal a previously undescribed PDE1A-cAMP-Epac1-Rap1 signaling mechanism underlying myofibroblast activation during pathological cardiac remodeling (Fig. 8f) .
Emerging evidence suggest multiple mechanisms are involved in the compartmentation of cAMP and more recently cGMP, which involve cyclases, PDEs, anchoring proteins, kinases and physical barriers such as caveolae [21] . Using an innovative GFP-based cGMP sensor Nausch et al. [41] demonstrated distinct regulation of pGC and sGC cGMP in VSMCs, which were shown to involve PDE5A. Recent evidence in cardiac myocytes also demonstrated differential feedback control of PKG on pGC and sGC induced cGMP concentration at the sarcolemmal membrane [14] , where PDE5A may control sGC-cGMP-PKG signaling [33] . However, studies on PDE1 mediated cGMP compartmentation are limited. Our findings that PDE1 inhibition elicits transient cGMP elevation in activated cardiac fibroblasts is distinct from the sustained cGMP response of PDE5 inhibition by sildenafil in VSMCs [41] , suggesting these PDEs control temporally distinct pools of cGMP. The transient nature of cGMP elevation by PDE1 inhibition might be attributed to cGMP efflux through MRP (Fig. 7g) although the role of MRP in regulating cyclic nucleotide signaling in cardiac fibroblasts has not been characterized. However, a recent study has shown that in related growing VSMCs, MRP4 inhibition increases cAMP and cGMP and activates the PKA/CREB pathway, which blocks VSMC proliferation and prevents neointimal hyperplasia in the injured rat carotid artery [53] . PDE1 also preferentially elevated nuclear and perinuclear cGMP, which is consistent with the endogenous PDE1A localization (Fig. 2) . It is feasible that the PDE1 inhibitor IC86340 primarily elevates nuclear and perinuclear cGMP levels, and the elevation of peripheral cGMP levels occurs through rapid intracellular diffusion [31] . While the functional relevance of nuclear/perinuclear cGMP is not well described, a recent study suggests nuclear cGMP/PKG modulates gene expression via recruitment of a histone deacetylase complex [24] . These data together add to our understanding of tightly regulated and compartmentalized cGMP signaling by multiple PDEs within a given cell. Interestingly, we found PDE1 inhibition also preferentially elevated nuclear and perinuclear cAMP. This is the first observation of localized and endogenous PDE1-mediated cAMP dynamics in PDE1A-enriched cells. In contrast to the PDE1 inhibitor, cAMP-elevating agonists, ISO and Fsk triggered cAMP more at the peripheral regions (Fig. 8) . This is in line with activation of membrane AC-cAMP proximate to the cell membrane. The spatial and temporal control of cAMP gradients in cardiomyocytes have been well documented [21] . Interestingly, ISO-stimulated cAMP responses are often rapid and transient in cardiomyocytes [20, 71] , which is different from the gradual and sustained cAMP increase in cardiac fibroblasts (Fig. 8) . These dynamic variations might be due to distinct cyclases and/or PDE isoforms coupling to the receptors in different cell types, or due to the nature of the cAMP sensor utilized. For instance, CNG-based sensors detect submembrane-restricted subcellular cAMP pools compared to the more uniformly distributed Epac-based sensors [43] . Previously, we failed to detect cAMP changes upon PDE1 inhibition in VSMCs [38] as well as in cardiomyocytes [38] that highly express PDE1A using traditional radioimmunoassay (RIA) methods. This might also be due to differences among the methodologies or cell types examined. Therefore, it will be of great interest to determine if PDE1A regulates cAMP in VSMCs and cardiomyocytes using more sensitive FRET based approaches. It will also be important to extrapolate these findings to human cardiac tissue, given that PDE isoforms may control different cyclic nucleotide patterns across different species [51] .
The molecular mechanism of how rapid changes in cyclic nucleotide levels elicit long-term changes in gene expression remains elusive. It seems likely that distal gene programs regulating growth and differentiation are controlled by a summation of cyclic nucleotide signals, involving multiple tightly coupled effectors (i.e. Epac, PKG), and feedback regulation. The induction of immediate-early genes such as Egr-1, c-fos, c-jun is a characteristic response of Ang II stimulated cardiac fibroblasts [58] . The Smad-independent early growth response-1 (Egr-1) transcription factor was shown to critically regulate myofibroblast activation and tissue fibrosis, both in vivo and in vitro [40, 67] . Interestingly, we found Egr-1 expression was significantly downregulated in proliferative VSMCs treated with the PDE1 inhibitor IC86340 (unpublished observations). In contrast, global cAMP or cGMP elevation has minimal effects on Ang II mediated Egr-1 induction in VSMCs [22] or cardiac fibroblasts [58] , respectively. Our findings that PDE1 controls unique spatial and temporal cAMP and cGMP dynamics may implicate differential regulation of stress responsive genes in activated cardiac fibroblasts.
